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Tgfbi, a fasciclin family extracellular matrix protein, has various roles in human diseases from corneal
dystrophies to cancer. However, the molecular mechanisms that underlie its functions are poorly
understood. Here, we studied the role of Tgfbi during Xenopus embryogenesis. During gastrulation and
immediately after, Xtgfbi is expressed at developmentally important signaling centers including the
dorsal marginal zone, notochord and ﬂoorplate. Xtgfbi knockdown by anti-sense morpholinos causes
defective organizer induction, patterning and differentiation of muscle, neuron and neural crests,
similar to suppression of canonical Wnt signaling. In Xenopus embryos and animal caps as well as DLD-
1 cells, we show that Tgfbi is strongly required for the full activation of the canonical Wnt pathway by
promoting phosphorylation of GSK3b and consequently enhancing the stabilization and nuclear
localization of b-catenin. Further analysis shows that Tgfbi is likely to promote GSK3b phosphorylation
through integrin-linked kinase.
& 2013 Elsevier Inc. All rights reserved.Introduction
The cellular activities in a developing or adult organism are
regulated by multiple extracellular signals. Extracellular matrix
(ECM) proteins have been traditionally considered as inert struc-
tural elements but a subset are now recognized as ‘‘matricellular’’
proteins, a term that emphasizes their roles as regulators of cell
function (Bornstein and Sage, 2002). Matricellular proteins exe-
cute their roles by modulating signalling pathways by interacting
with important extracellular regulators, such as growth factors,
morphogens and cytokines, or by binding to cognate integrin
receptors inducing crosstalk with intracellular signaling pathways
(Bornstein and Sage, 2002). For example, the canonical Wnt
pathway, which controls proliferation and differentiation in
development and adulthood, is modulated by a collection of
matricellular proteins. Wnt signalling is triggered via binding of
Wnt ligands to transmembrane Frizzled (Fzd) receptors and
associated co-receptors including low-density lipoprotein
receptor-related protein 5/6 (LRP5/6). This interaction activatesll rights reserved.
halmology, UCL, 11-43 Bath
Cambridge Institute, Univer-
, Cambridge CB2 0RE, UK.
ma),
lly to this study.the cytosolic protein Dishevelled (Dvl) and consequently inhibits
GSK-3b. Since the stability of b-catenin, the transcriptional
coactivator of Wnt signaling, is negatively regulated by GSK-3b
in a complex including APC and Axin, inhibition of GSK-3b results
in b-catenin stabilization and its accumulation in the nucleus,
where it interacts with LEF/TCF family transcription factors to
activate transcription (reviewed in MacDonald et al., 2009).
Families of heparan sulfate proteoglycans (HSPG) regulate the
activity and the distribution of Wnt proteins by interacting with
Wnt ligands or receptors (reviewed in Lin, 2004). Similarly, the
cysteine-knot protein Norrin (Xu et al., 2004) and thrombospondin-
containing proteins R-spondins (Nam et al., 2006; Wei et al., 2007)
synergize with Wnt by interacting with extracellular domains of
Wnt receptors, whereas secreted Dikkopf (Dkk) inhibits Wnt signal-
ling by promoting the internalization of LRP (Semenov et al., 2001).
ECM proteins such as secreted protein acidic rich in cysteine
(SPARC) can also regulate the Wnt pathway by modulation of
integrin-mediated pathways (Nie and Sage, 2009; reviewed in
Schambony et al., 2004).
Tgfbi (betaig-h3, keratoepithelin), an ECM protein, was originally
identiﬁed as a transforming growth factor-beta1 (TGF-b1)-inducible
gene in a lung adenocarcinoma cell line (Skonier et al., 1992). It is
now implicated as a matricellular protein having diverse regulatory
functions in different cellular contexts. Embryonic expression pat-
terns in vertebrates suggest that Tgfbi participates in mesoderm
differentiation and tissue branching morphogenesis (Chan et al.,
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2003). Tgfbi-knockdown disrupts zebraﬁsh somitogenesis (Kim and
Ingham, 2009) and homozygous null mutations in mice may retard
postnatal development and have been reported to predispose the
animals to spontaneous and induced cancers (Zhang et al., 2009). In
addition, mutations in TGFBI cause corneal dystrophy (El Kochairi
et al., 2006). Tgfbi protein is shown to regulate cell functions via
different integrins. It induces dissociation of VE–cadherin junctions
between endothelial cells via activation of the integrin avb5–Src
signaling pathway during colon cancer metastasis (Ma et al., 2008).
We have previously shown that Tgfbi regulates microtubule func-
tions via FAK and Rho-dependent integrin signaling (Ahmed et al.,
2007). However, despite a large number of descriptive studies, there
is little known about the functional and mechanistic role of Tgfbi
protein during development.
In this paper we have used gain and loss of function studies in
Xenopus embryos to determine the function of Xtgfbi during
Xenopus embryogenesis. We demonstrate the requirement of
Xtgfbi in multiple early developmental events including organizer
formation, dorsal tissue patterning and differentiation. Further
analyses in both Xenopus and mammalian cells reveal that Tgfbi
modulates canonical Wnt activity by regulating GSK3b activity
and b-catenin stabilization.Materials and methods
Bioinformatics analysis
Accession number: NP_990367 (chick), AAH95296 (zebraﬁsh),
NP_000349 (human), EDL41243 (mouse), AAH87347 (Xenopus
laevis), NP_001072329 (Xenopus tropicalis), NM-169726 (ﬂy Fas-
ciclin I, variant A), and NP_006466 (human Periostin, isoform 1).
Sequence alignment was performed using the ClustalW program
(http://www.ebi.ac.uk/Tools/clustalw2/index.html).
Constructs
Xtgfbi cDNA (from IMAGE:7204606) was subcloned into
pBKS(þ/), pCS2þ and pCS2þMT vectors. A human TGFBI cDNA
from pcDNA4(B)–hTGFBI was subcloned into pCS2þ , pCS4þXilk
was obtained from Dr. Eisuke Nishida (Kyoto University). Con-
stitutively active Xilk (S343D) was made using Quick Change II
Site-Directed Mutagenesis Kit (Strategene). Other overexpression
constructs were: Xwnt8, b-catenin, DN-GSK3b all obtained from
Dr. Anna Philpott. Xtgfbi MO1, MO2 (see Table S1) and control
random 25-mer morpholinos were purchased from Gene Tools.
Xenopus laevis embryos and mRNA/morpholino injection
Xenopus embryos were obtained by in vitro fertilization,
dejellied with 2% cysteine, maintained in 0.1 MBS and staged
according to Nieuwkoop and Faber (1967). Capped mRNAs were
synthesized using mMessage Machine (Ambion). Microinjection
was performed at the indicated stages with Pico-microinjector
(Harvard Apparatus) in a total volume of 5–10 nl.
RT-PCR
Whole embryos/animal caps/speciﬁc zones at the desired
stages were snap-frozen or 106 mammalian cells were harvested
by trypsinzation. Total RNA was extracted using RNeasy (Qiagen).
cDNAs were made using Taqman RT-PCR kit (Applied Biosys-
tems). PCR was performed with the following primers: Xtgfbi_F2,
Xtgfbi_R2 (see Table S3 for all primer sequences. 30 cycles), ODC
(Agius et al., 2000). Chd (Sasai et al., 1994), Noggin (Xenbase),Xwnt-8 (Xenbase), Xnr3 (Baker et al., 1999), Gsc (Agius et al.,
2000), Siamois (Agius et al., 2000), Sox-2 (De Robertis et al., 1997),
MixerMsx-1 and Mix1 (http://www.hhmi.ucla.edu/derobertis/pro
tocol_page/Pdfs/Frog protocols/Primers for RT-PCR.pdf).
For quantitative real-time RT-PCR, triplicate reactions were
performed using SYBRs Green PCR Master Mix (Applied Biosys-
tems) on 7900HT Fast Real Time PCR system (Applied Biosys-
tems). The relative expression was normalized against ODC using
the formula: fold difference¼2DDCt (using stage 1 as the
reference).
In situ hybridization, immunohistochemistry, and histology
DIG-labelled RNAs were synthesized using DIG RNA-labeling
kit (Roche). Whole-mount in situ hybridizations were performed
as previously described (Harland, 1991). Alcian blue staining of
branchial arch cartilages was performed according to the method
of Berry et al. (1998). For histology analysis, following ISH, the
embryos were ﬁxed in 4% PFA and embedded in parafﬁn. 15 mm
thick sections were cut.
Western blotting
Embryos were snap-frozen. 5 ml/embryo of lysis buffer (25 mM
HEPES, 5 mM MgCl2, 1 mM EGTA, 0.5% Triton) with 1 mM PMSF
was used to lyse embryos followed by centrifugation at
13,500 rpm at 4 1C for 5 min. Mammalian cells were washed with
PBS and lysed with NP-40 lysis buffer with 1 mM PMSF. The
protein concentration of lysate was determined by BCA assay
(Pierce). Approximately 50 mg of each lysate sample was analyzed
by SDS-PAGE. The protein was transferred to Immobilin-P mem-
brane (Millipore) at 250 mA for 2 h at room temperature. The
membrane was blocked with 5% milk in TBS-T for 1 h at room
temperature and incubated with relevant primary and HRP-
conjugated secondary antibodies. The protein bands were visua-
lized by ECL western blotting system (GE Healthcare). The anti-
bodies used were from the following sources: C-myc, a-tubulin
(Sigma), b-catenin, phosph-b-catenin, GSK3b, phospho-GSK3b,
LRP6, phospho-LRP6, Dvl2, Naked, AXIN1, LEF1, and GAPDH (Cell
Signalling 2118), E-cadherin (Santa Cruz), hTgfbi (from Dr. David
Tumbarello, raised from C-terminal hTgfbi), and XTgfbi (raised
from C-terminal XTgfbi in rabbit).
Immuno-ﬂuorescent staining and subcellular localization analysis
4104 cells/well were plated one day before experiments in
an 8-well microscopy chamber (Ibidi). Cells were ﬁxed with ice-
cold methanol and washed with TBS. Fixed cells were blocked
with TBSþ0.1% Triton-Xþ2% BSA and subsequently probed with
b-catenin antibody (BD bioscience) and Alexa-680-conjugated
secondary antibody (Invitrogen). Nuclei were stained with
Hoechst. Stained cells were scanned using iCyss Research Ima-
ging Cytometer (CompuCyte). b-catenin staining in the nucleus
for each cell was quantiﬁed using the iCys software. 500 cells
from each line were counted.
Luciferase reporter assay
Embryos were injected with 200 pg of TOPFLASH reporter DNA
(Korinek et al., 1998) and 6 pg pRL-TK (Promega) alone or in
combination with the indicated mRNA or morpholino. The fol-
lowing mRNA was used: 10 pg Xwnt-8750 pg DN-GSK3b, 300 pg
b-catenin. Seven embryos were collected at stage 10.5 in dupli-
cates. Mammalian cells were transfected with 500 ng TOPFLASH
reporter DNA and 100 ng pRL-TK by Lipofectamine2000 and
cultured for 24–48 h in triplicate. Luciferase assay was performed
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Relative Luciferase Unit (RLU) was calculated by the ratio of
ﬁreﬂy luciferase against Renilla luciferase.
Statistical analysis
All statistical analysis was performed with Graphpad Prism5.
Two-group analyses were performed with unpaired Student’s
T test or Chi square test.Results
Xenopus Tgfbi orthologue
The Xenopus laevis Tgfbi, XTgfbi (LOC495971), was identiﬁed
through a BLAST search of NCBI databases. Like other vertebrate
orthologues, XTgfbi contains an N-terminal EMI motif and four
repeated Fas1 domains (Fig. 1A), homologous to neuronal adhesion
molecule fasciclin I and periostin (Bastiani et al., 1987). PhylogeneticFig. 1. Xenopus Tgfbi and its expression during embryogenesis. (A) Alignment of verteb
Fas domains are shown by the inward-pointing arrows. (B) The phylogenetic tree of Tg
XTgfbi in whole embryos during early development. ODC was used as control. (D) Realanalysis showed that XTgfbi is evolutionarily closer than zebraﬁsh to
mammalian orthologues with 72% similarity (Fig. 1B).
Expression pattern of XTgfbi during Xenopus development
We ﬁrst determined the expression pattern of XTgfbi during
embryogenesis by RT-PCR and whole mount in situ hybridization.
RT-PCR analysis detected a low level of maternal mRNA before
gastrulation (Fig. 1C, D). Expression of XTgfbi increased signiﬁcantly
at late neurula and peaked at early tadpole stages. RT-PCR of
dissected gastrula embryos showed that XTgfbi expression is present
in animal pole but not in vegetal pole and its expression in the dorsal
marginal zone (DMZ), a region encompassing Spemann’s Organizer, is
much stronger than in the ventral marginal zone (VMZ) at stage 10
(Fig. 2A). However, in situ hybridization did not show strong localized
XTgfbi staining until the neurula stage. At stage 14, localized XTgfbi
staining was ﬁrst observed in the dorsal midline (Fig. 2B). At stage 16,
XTgfbi was expressed in a decreasing rostral–caudal gradient in the
notochord, ﬂoor plate, and weakly in presomitic mesoderm (Fig. 2C, P,
Q). As development progressed, XTgfbi expression gradually increasedrate Tgfbi proteins. The conserved sequences are shaded. The EMI domain and four
fbi orthologues and homolog Periostin (POSTN1). (C) Semi-quantitative RT-PCR of
-time RT-PCR analysis of XTgfbi in whole embryos. The error bars represent s.d.
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Fig. 2. Expression pattern of XTgfbi. (A) RT-PCR shows, in stage 10 embryos, XTgfbi was strongly expressed in DMZ and weakly expressed in VMZ and animal cap. Gsc and
Xwnt-8 are markers for DMZ and VMZ, respectively. (B–O) Whole mount in situ hybridization of XTgfbi. Dashed lines indicate the position of transverse sections as labelled.
(B) Dorsal view (rostral to the left) at stage 14. XTgfbi was weakly expressed in the dorsal midline. (C) Dorsal view at stage 16 showing a decreasing XTgfbi expression
gradient in the dorsal midline. (D, D’) Lateral and dorsal views at stage 22: XTgfbi expression was seen in the dorsal tips of developing somites. (E, F) Lateral and dorsal
views at stage 25: XTgfbi was expressed in dorsal somite tips (arrowheads), weakly in tissues surrounding the eye (arrow). (G) Lateral view at stage 28: XTgfbi was
expressed in intersomitic boundaries, around the eye, migrating cranial neural crests and tailbud. (H) Lateral view of embryo head at stage 33: XTgfbi expression was
prominent in CNS (arrowhead), eye (arrow) and pitpharyngeal pouches (asterisk). (I) Side view at stage 33 showing strong expression in the somites, tailbud and migrating
hypaxial muscle anlagen (arrowheads). (J) Lateral view at stage-36: XTgfbi expression is prominent in the migrating hypaxial muscle (arrowheads), eye and tail ﬁn.
(K) Lateral view at stage 39: XTgfbi is detected in migrating hypaxial muscle and tail ﬁn (arrows). (L) Lateral view at stage 42: XTgfbi is expressed in ventral side of the
embryo and migrating hypaxial muscle (arrowheads). (M, N, O) In situ hybridization with sense XTgfbi probe shows no speciﬁc staining. (P, Q) Transversal sections from C:
XTgfbi was strongly expressed in the ﬂoor plate and notochord. (R, S, T) Transversal sections from G: XTgfbi was expressed in neural crest cells and somites. (U, V)
Parasagittal sections from G: XTgfbi expression is in the somites, strong in the dorsal tips (asterisk) and intersomitic boundaries (arrows). (W–Y) Transversal sections from
I: XTgfbi expression is in olfactory pits, periphery of prosencephalon, migrating neural crests, pharyngeal pouches as well as rhombencephalon, otic vesicles and notochord.
(Z) Sagittal section from L showing XTgfbi expression in tissues surrounding various internal organs and abdominal epithelia. fp, ﬂoor plate; int, intestine; liv, liver; mes,
mesenchyme; nc, notochord; ncc, neural crest cell; olf, olfactory pit; ov, otic vesicle; pha, pharygneal pouch; rho, rhombencephalon; som, somite; stm, stomach. Scale
bar¼100 mm.
F. Wang et al. / Developmental Biology 379 (2013) 16–27 19within the tips of the developing somites (Fig. 2D–F). At stage 25,
additional expression was seen surrounding the eyes (Fig. 2E). At late
tailbud stage, XTgfbi expression in the somites became more ventral
extending into intersomitic boundaries, and was particularly pro-
nounced in the mandibular neural crest, anterior bronchial crest and
posterior bronchial crest segments, and more weakly in the hyoid
neural crest segments (Fig. 2G). From stage 30 to 36, the expression
pattern in the intersomitic boundaries moved posteriorly (Fig. 2I, J)
and some additional speciﬁc tissues were stained, including the
central nervous system (CNS), the olfactory pit (Fig. 2W), mandibular
arches (Fig. 2H, X), otic vesicles (Fig. 2Y), cornea (Fig. 2H), and ﬁns
(Fig. 2K). During this time XTgfbi expression in the notochord and
ventral neural tube persisted (Fig. 2Y). At stage 33, XTgfbi expressionin the ventrally migrating myoblast anlagen became prominent
(Fig. 2J) and continued to stage 42 (Fig. 2L). From stage 36, the
staining in the trunk somites faded and was only visible in the
ventral–lateral region (Fig. 2J). At stage 42, XTgfbi expression was
more diffuse and localized strong staining was only seen in the
abdominal epithelia (Fig. 2L) and in some internal organs such as the
intestine and liver (Fig. 2Z).
Loss of XTgfbi impaired blastopore formation and dorsal tissue
morphogenesis
To determine the role of XTgfbi during embryogenesis, loss-
and gain-of-function analyses were performed. To knockdown
Fig. 3. XTgfbi depletion affected multiple tissue development. (A) Sequence and alignment of XTgfbimorpholinos. (B) XTgfbimorpholino (34 ng), or XTgfbimRNA (2 ng) was
injected into the DMZ of both cells at 2-cell-stage. XTgfbi protein levels in stage-32 embryos were analyzed by Western blotting using the XTgfbi antibody. Lane 6, in vitro
translated XTgfbi as a positive control. (C–G) Effects on blastopore closure. C–F: Vegetal views of representative stage-10.5 embryos injected with the indicated reagents.
G: Quantiﬁcation of blastopore size, analyzed with unpaired two-tailed Student T test. Both MO1 (Po0.001) and MO2 (P¼0.197) injection delayed blastopore formation
compared with control. XTgfbi-MT co-injection rescued the defects (Po0.001). (H, I, J, K) Dorsal views of stage-32 embryos unilaterally injected with XTgfbiMO1 (34 ng) or
mRNA (2 ng) at two-cell stage. (L) Graph shows XTgfbi-MT injection partially rescued the bent axis phenotypes caused by XTgfbi depletion. The data were analyzed by Chi
square and Fisher’s exact test (Po0.001).
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pholinos (MO1 and MO2) (Fig. 3A). Speciﬁc inhibition of XTgfbi
was conﬁrmed by demonstrating reduction of endogenous XTgfbi
protein in embryos injected with either morpholino (Fig. 3B),
and by inhibition of in vitro XTgfbi translation using an in
vitro transcription/translation-coupled system (data not shown).
MO1 was more effective at reducing XTgfbi protein levels
than MO2.
As XTgfbi was highly expressed in the dorsal marginal zone
(DMZ) at stage 10.5 (Fig. 2A), we injected morpholinos with b-
galactosidase as a lineage tracer, into the DMZ of 4-cell stage
embryos. Injection of MO1 or MO2 but not control morpholino
(Co MO) caused a delay of blastopore formation and closure, since
blastopore diameter was signiﬁcantly bigger in XTgfbi-deﬁcient
embryos (Po0.001 MO1, P¼0.0197 MO2) (Fig. 3C–E). The defects
in blastopore development caused by the 50 UTR-targeting MO2
could be rescued by co-injection of a Myc-tagged XTgfbi mRNA
(XTgfbi-MT) (Po0.0001) (Fig. 3F, G), indicating that the phenotype
was speciﬁc to XTgfbi knockdown.
Since XTgfbi had speciﬁc and high level expression in various
dorsal tissues in late stage embryos, we next examined the effects
of unilateral injection of the morpholinos into the animal side of
one blastomere at 2-cell stage. At stage 32, 73% embryos (n¼80)
developed bent anterior–posterior (A–P) axis towards the injectedside (Fig. 3J) as well as other defects such as missing/smaller eyes
and curled ﬁns (Supplementary Table 1). By contrast, 34%
embryos (n¼56) injected with XTgfbi-MT developed bent A–P
axis away from the injected side (Fig. 3K). Coinjection of XTgfbi-
MT with MO2 reduced the number of embryos with the bent axis
phenotype (Po0.001) (Fig. 3L).
XTgfbi depletion phenotypes resembled those caused by canonical
Wnt pathway inhibition
We further examined the effects of XTgfbi depletion on muscle,
neurons and neural crest, where its strong expression was seen.
The expression of the differentiated muscle marker myosin heavy
chain (MHC) was inhibited in morpholino-injected sides in neurula
embryos (Fig. 4A), accompanied by bending of the A–P axis
towards the injected side (Supplementary Table 2). MyoD is the
ﬁrst myogenic transcription factor expressed in the ventral–lateral
marginal zone at gastrula in response to mesoderm induction
(Hopwood et al., 1989, 1991). At stage 20, MO1-injection reduced
MyoD expression in the presomitic mesoderm (Fig. 4B) and this
reduction was observed at as early as stage 11. To test that these
phenotypes were speciﬁc to XTgfbi depletion, we coinjected
human TGFBI or XTgfbi-MT mRNA together with MO1 or MO2
respectively. Overexpression of TGFBI or XTgfbi-MT rescued the
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respectively (P¼0.009 hTGFBI, P¼0.032 XTgfbi-MT) (Fig. 4C, D).
Similarly, MO1 injection repressed the initial expression of
neural b-tubulin (NBT), a marker for differentiated primary neu-
rons in the presumptive neuroectoderm at stage 15 (Fig. 4E). At
stage 20, the stripe NBT pattern, corresponding to the sensory
neurons and trigeminal ganglion, was reduced and more diffuse,
lateral to the midline on the XTgfbi-depleted side. While theMHC Co MO MHC MO2MHC MO1 Inj.
hTGFBIhTGFBI + MO1MO1
Xtgfbi -MT XTgfbi-MT + MO2MO2
21 2121
MyoD MyoD MO1 MyoDCo MO MyoD MO1Co MO
20 111120
NBT MO1NBTNBT Co MO MO1
15
NBT MO2
212115
Uninj. MO1 Uninj. MO1
Sox2 MO1Sox2 Co MO
15 15
42
Twist Co MO
21
Twist MO1
21expression of neuronal markers was inhibited by XTgfbi morpho-
linos, the expression of the early neural plate marker Sox2 was
enhanced at stage 14/15 (Fig. 4F). In addition, as shown in Fig. 4G,
XTgfbi-depletion reduced the expression of the cranial neural
crest marker Twist along the ventral–anterior migratory route.
At late tadpole stage, consistent with the reduction of early neural
crest markers, we observed impaired formation of bronchial arch
cartilages and neural crest derivatives in XTgfbi-depleted embryos
(Fig. 4H). These observations indicate that XTgfbi regulates the
patterning of epidermis/neural crest/neuroectoderm and neural
crest differentiation.
The phenotypes we observed for XTgfbi depletion are highly
reminiscent of those seen after inhibition of canonical Wnt activity,
which has been shown to regulate the induction, differentiation and
patterning of multiple dorsal tissues. For example, overexpression
of DN-Xwnt-8, DN-Tcf3 or GSK3b inhibits muscle induction and
neural differentiation as revealed by reduced MyoD and NBT
expression in gastrula and neural plate embryos, respectively
(Hoppler et al., 1996; Marcus et al., 1998). Conversely, injection of
DN-Tcf3 or DN-Lef1, dramatically promoted neural induction and
anterior neural plate fates as evidenced by expansion of Sox2 (Heeg-
Truesdell and LaBonne, 2006), similar to our observations. During
neural crest formation, injection of Xwnt-8 or Frzd-3 morpholino
reduced Slug expression and altered epidermis/neural crest/neu-
roectoderm patterning (Deardorff et al., 2001; Fuentealba et al.,
2007) reminiscent of the effects of XTgfbi depletion.
XTgfbi is required for full activation of the canonical Wnt signaling
pathway in Xenopus development and mammalian cells
To directly address the question of whether XTgfbi is involved
in canonical Wnt signaling, we examined the expression of Wnt-
responsive genes following tissue-targeted XTgfbi knockdown.
Goosecoid (Gsc) is ﬁrst induced in the Spemann Organizer by
maternal Wnt/b-catenin activation (Blumberg et al., 1991;
Laurent et al., 1997). XTgfbi knockdown repressed the expression
of Gsc (Fig. 5A), as well as other Wnt-responsive genes in the
organizer including Chordin (Chd), and Xnot (Fig. 5B, C). Suppres-
sion of endogenous Wnt signaling was also conﬁrmed by semi-
quantitative RT-PCR of Chd, Gsc and Xnr3 (Fig. 5D) as well as by
the TOPFLASH assay (P¼0.030) (Fig. 5E), which measures Wnt/b-
catenin-mediated transcriptional activity using a reporter lucifer-
ase construct containing three Tcf/b-catenin binding sites
(Korinek et al., 1998). We observed that reduced Wnt signaling
from XTgfbi depletion was rescued by coinjection of XTgfbi-MT
(P¼0.037) (Fig. 5E). In order to conﬁrm our ﬁndings, we used
animal cap assays to evaluate the effect of XTgfbi on Wnt
activities. Xwnt-8a injection induced the expression of targetFig. 4. XTgfbi was required for dorsal tissue speciﬁcation and differentiation.
Whole-mount in situ hybridization of embryos with mis-expressed XTgfbi. The
injected reagents, probes, and stage of embryos are indicated in the lower right,
left, and upper-right corners, respectively. The injected sides are marked by b-gal.
(A) XTgfbi depletion inhibited MHC expression in whole mount and sectioned
embryos at stage 21. The dashed lines indicate the bent midline. In the long-
itudinal sections, the injected sides are indicated by the arrows. (B) XTgfbi-
depletion repressed MyoD expression in stage 20 and 11 embryos. (C, D) hTGFBI
or XTgfbi-MT injection rescued the loss ofMHC caused by MO1 or MO2. Summaries
of MHC expression based on arbitrary scores analyzed with unpaired two-tailed
Student T test (P¼0.009 hTGFBI, P¼0.032 XTgfbi-MT). Error bars represent s.e.m. C:
Representative MHC stained embryo injected with 2 ng hTGFBI only (n¼21), 2 ng
hTGFBI with 34 ng MO1 (n¼29) and 34 ng MO1 only (n¼33), respectively. D:
Representative MHC stained embryos injected with 2 ng hTGFBI-MT only (n¼22),
2 ng XTgfbi-MT with 34 ng MO2 (n¼19) and 34 ng MO2 only (n¼14), respectively.
(E) XTgfbi depletion inhibited NBT expression at stage 15 and 21. The red bars
indicate the neural plate expansion. (F) XTgfbi-depletion expanded neural plate
marker Sox2 at stage 15. (G) XTgfbi-depletion repressed the expression of neural
crest markers Twist at stage 21. (H) Cartilage staining of representative uninjected
and MO1-injected embryos at stage 42. Embryos with XTgfbi-depletion developed
smaller cranial cartilages.
Fig. 5. XTgfbi was required for the full activation of canonical Wnt signalling in Xenopus. (A, B, C) In situ hybridization of organizer genes in morpholino-injected embryos.
XTgfbi depletion suppressed expression of Gsc, Chd, and Xnot. (D) RT-PCR showed Wnt target gene expression was repressed by XTgfbi depletion. The indicated reagents
were injected at two-cell stage and analyzed in whole embryos at stage 10.5. (E) A representative TOPFLASH assay in stage-10.5 embryos injected with CoMO, MO1 and
MO1 with XTgfbi-MT at two-cell stage. The data were analyzed with unpaired two-tailed Student T test (P¼0.030, 0.037 respectively). (F) RT-PCR showed the exogenously
induced Wnt target gene expression was repressed by XTgfbi knockdown in the animal cap assay. Embryos were injected with the indicated constructs at two-cell stage.
Animal caps were dissected out at stage 8 and harvested at stage 10. (G, H) Exogenously induced target gene expression downstream of Nodal/Activin pathways was not
affected by XTgfbi depletion. Embryos were injected at two-cell stage with indicated constructs. Animal caps were (G) isolated at stage 8, treated with activin at 10 ng/ml
and harvested at stage 11, or (H) isolated at stage 9 and harvested at stage 11. (I) RT-PCR showed XTgfbi depletion does not affect BMP pathway target gene expression.
Embryos were injected at two-cell stage. Animal caps were isolated at stage 8 and harvested at stage 11. (J) RT-PCR showed Xwnt-8 injection increased XTgfbi expression
level in animal caps at stage 10. Xwnt-8 mRNA was injected at two-cell stage. Animal caps were isolated at stage 8 and harvested at stage 10. (K) Real-time PCR showed
injection of Xwnt-8 at two-cell stage increased XTgfbi expression in whole embryos at stage-15.
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in the animal cap and their expression was strongly suppressed
by XTgfbi MO coinjection (Fig. 5F). In addition, we assessed the
effect of XTgfbi on Nodal and BMP signaling pathways that are
also active during early embryogenesis. XTgfbi depletion did not
change the expression levels of Mixer (Henry and Melton, 1998),
Mix-1 (Rosa, 1989), Gsc and Chd exogenously induced in the
animal caps by Xnr2 overexpression (Fig. 5H), or by activin
treatment (Fig. 5G). Furthermore, the endogenous levels of
BMP-responsive genes Msx-1 (Chen and Solursh, 1995) and pan-
neural marker Sox-2 (Mizuseki et al., 1998) in the animal caps
(Fig. 5I) were not altered by XTgfbi depletion as compared to
controls. Taken together, XTgfbi speciﬁcally regulated the Wnt
signaling pathway in early embryogenesis.
To conﬁrm that the requirement of Tgfbi in canonical Wnt
signaling is conserved in human cells, we examined the function of
TGFBI in the human colorectal cancer cell line DLD-1 cell which has
constitutively active Wnt signaling due to APCmutations (Beroud and
Soussi, 1996; Nishisho et al., 1991). A TGFBI KO line (Fig. 6A) was
generated by homologous recombination in DLD-1 cells (Jian Xian,manuscript in preparation). Loss of TGFBI resulted in signiﬁcant
inhibition of canonical Wnt activity in TGFBI KO cells at steady state
conditions (P¼0.039), as measured by the TOPFLASH reporter assay
(Fig. 6B). To conﬁrm whether this phenotype was speciﬁc to loss of
TGFBI, we complemented the TGFBI KO cells by introducing a mouse
Tgfbi bacterial artiﬁcial chromosome (iBAC) transgene (Jian Xian,
manuscript in preparation) (Fig. 6A). High Wnt activity was restored
in iBAC cells (P¼0.032) (Fig. 6B). Loss of TGFBI also resulted in
reduced expression of AXIN2, LEF1 and TIAM1 (Fig. 6C, D), which have
been reported as Wnt activation markers in colorectal cancer cell
lines and tissues (Filali et al., 2002; Malliri et al., 2006; Yan et al.,
2001; Zhang et al., 2001).
Feedback control of Wnt signaling may be achieved by altering
transcription of multiple Wnt regulators (Logan and Nusse, 2004).
To test the relationship between Wnt activity and Tgfbi transcrip-
tion, we injected Xwnt-8 into Xenopus embryos and observed
increased expression of XTgfbi (Fig. 5J, K); on the other hand,
knocking down b-catenin by siRNA in DLD-1 cells inhibited high
endogenous Wnt signaling indicated by reduced AXIN2 expression
and signiﬁcantly reduced TGFBI expression (Po0.001) (Fig. 6E).
Fig. 6. TGFBIwas required to augment Wnt activity in DLD-1 cells. (A) Western blot of TGFBI and mTgfbi in DLD-1, TGFBI het (TGFBIþ / DLD-1), TGFBI KO (TGFBI/ DLD-1)
and iBAC (mTgfbi BAC-carrying TGFBI/ DLD-1) cell lines. GAPDH was used as a loading control. (B) A representative TOPFLASH assay in DLD-1, TGFBI KO, and iBAC cells.
TGFBI deletion reduced endogenous Wnt activity in DLD-1 cells (P¼0.030), which was restored in iBAC cells (P¼0.038). The data were analyzed with unpaired two-tailed
Student T test. (C) A representative experiment showing expression of Wnt-responsive genes measured by real-time RT-PCR. (D) Western blot analysis in DLD-1, TGFBI KO
and iBAC cells. Loss of TGFBI promoted E-cadherin expression but suppressed expression of LEF1. (E) A representative experiment showing expression of CTNB, AXIN2 and
TGFBI measured by real-time RT-PCR following b-catenin knockdown. The data were analyzed by unpaired two-tailed Student T test (Po 0.001).
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(D) Western blot analysis in DLD-1 after transfecting 2 mg of V5-tagged mutant ILK constructs by Lipofectamine2000 into DLD-1 or TGFBI KO cells for 24 h. The expression
of mutant ILK was conﬁrmed by V5 tag expression. CA-ILK promoted GSK3b phosphorylation (Ser9) and reduced b-catenin phosphorylation (Ser 33/37) in TGFBI KO cells.
KD-ILK had opposite effects in DLD-1 cells. (E) Western blot of phospho-GSK3b (Ser9) and tubulin in stage-10.5 Xenopus injected with indicated agents. XTgfbi depletion
repressed GSK3b phosphorylation, and was rescued by coinjection of CA-ILK. (F) A TOPFLASH assay in stage 10.5 whole embryos injected with MO1 alone or in
combination with other indicated mRNA at two-cell stage. Coinjection of 100 pg b-catenin, 250 pg DN-GSK3b and 1 ng CA-ILK, but not 1 ng GFP, with MO1 rescued
inhibited endogenous Wnt activity. The results are representative of two independent experiments.
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b-catenin is a transcriptional coactivator that once stabilized
in the cytoplasm, translocates into the nucleus where it binds to
TCF or LEF family transcription factors, and initiates transcriptionof Wnt-responsive genes. Its activity and nuclear localization is
inhibited following phosphorylation at N-terminal serines 33 and
37 by GSK3b (Orford et al., 1997; Yost et al., 1996), whose activity
is, in turn, regulated by phosphorylation at serine 9 by upstream
kinases (Woodgett, 1994). To test if b-catenin nuclear localization
was altered by loss of TGFBI, we stained the three cells at steady
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quantiﬁed b-catenin nuclear staining by iCys (see Materials and
Methods). The result showed that the proportion of cells with
strong b-catenin nuclear staining was signiﬁcantly lower in TGFBI
KO cells than wild-type DLD-1 cells (Po0.001) (Fig. 7A), and this
was also restored in iBAC cells (Po0.001), indicating TGFBI is
required for b-catenin stabilization and nuclear localization.
Biochemically, TGFBI deletion caused increased phosphorylation
at serine 33 and 37 of b-catenin (Fig. 7B), which targets it for
ubiquitin-mediated degradation (Aberle et al., 1997), and total
b-catenin levels were unchanged. TGFBI-deletion also reduced the
level of inactive GSK-3b evidenced by phosphorylation at serine 9
(Fig. 7B). These data suggest that TGFBI regulates b-catenin
stabilization and nuclear localization by promoting phosphoryla-
tion and subsequent inhibition of GSK3b. There was no change in
expression of phospho-LRP6 (Fig. 7C), which has been suggested
as an indicator of LRP6 activity (Lee et al., 1999; Tamai et al.,
2004; Zeng et al., 2005). There was also no change in the
expression of other signalling components upstream of GSK3b
in the intracellular canonical Wnt pathway such as Dvl2 and Axin
(Fig. 7C). These data suggest that the reduced GSK3b phosphor-
ylation in TGFBI KO cells may result from a route other than
canonical Wnt ligand–receptor interaction. This is further sup-
ported by the two observations that Xwnt8 hardly rescues the
effect of XTGFBI depletion (data not shown) and TGFBI deletion in
DLD-1 cells, in which APC is constitutively activated, still inhibits
Wnt activity.
Integrins are well-established receptors of TGFBI (Kim et al.,
2000; Nam et al., 2003; Park et al., 2004). Integrin-linked kinase
(ILK), a downstreammolecule of ECM–integrin signaling, has been
reported to regulate canonical Wnt activity by phosphorylating
GSK3b during chick somitogenesis and in colorectal cancer cell
lines (Rallis et al., 2010; Tan et al., 2001). To examine whether ILK
is involved in TGFBI-mediated GSK3b phosphorylation, we over-
expressed a constitutively-active (CA) or a kinase-dead (KD) ILK
(Cordes, 2004) in DLD-1 and Xenopus models. When we over-
expressed a CA-ILK in TGFBI KO cells, it rescued the phenotype of
reduced GSK3b phosphorylation and elevated b-catenin phos-
phorylation (Fig. 7D); on the other hand, overexpression of a KD-
ILK in wild type DLD-1 cells had the opposite effects (Fig. 7D),
suggesting that ILK is sufﬁcient to regulate GSK3b phosphoryla-
tion as previously shown (Cordes, 2004; Rallis et al., 2010; Tan
et al., 2001), and TGFBI-mediated GSK3b and subsequently b-
catenin phosphorylation is ILK-dependent. Consistent with our
ﬁnding in DLD-1 cells, MO1 injection also reduced GSK3b phos-
phorylation in Xenopus embryos, and this was rescued by coex-
pression of a Xenopus constitutively active ILK construct (Persad
et al., 2001) (Fig. 7E). In addition, coexpression of CA-ILK as well
as b-catenin, or DN-GSK3b with MO1, all rescued the inhibited
Wnt activity measured with the TOPFLASH assay (Fig. 7F), sug-
gesting that Tgfbi may regulate GSK3b via ILK.Discussion
The biological roles of XTgfbi during embryogenesis
Despite previous expression studies of Tgfbi during vertebrate
embryogenesis, there has been no comprehensive study to inves-
tigate the functional role of Tgfbi during development. We have
shown that XTgfbi is dynamically expressed in mesodermal and
ectodermal derivatives including the Spemann organizer, noto-
chord, ﬂoorplate, somites, neural crest, central nervous system,
otic vesicles, eyes and ﬁn during Xenopus early development
(Fig. 2). This ﬁnding is similar to previous expression studies in
mouse, zebraﬁsh and chick embryos (Ferguson et al., 2003a,2003b; Hashimoto et al., 1997; Hirate et al., 2003; Ohno et al.,
2002; Schorderet et al., 2000). Interestingly, its expression in the
organizer, notochord and ﬂoorplate has not been reported in
those studies. This early spatiotemporal expression pattern (i.e.
DMZ of gastrula stage embryos, notochord and ﬂoorplate) is
intriguing as it correlates with the expression pattern and signal-
ling activities of the developmentally important morphogens Wnt
(Kiecker and Niehrs, 2001; Logan and Nusse, 2004) and Shh
(Ekker et al., 1995; Ingham and Placzek, 2006). XTgfbi-depletion
caused speciﬁc phenotypes in which critical developmental deci-
sions failed to execute including inhibition of Spemann organizer
formation (Fig. 3C–F) and speciﬁcation, patterning and differen-
tiation of multiple dorsal tissues (Fig. 4). Our observations for the
role of XTgfbi in early muscle speciﬁcation extend results from a
recent zebraﬁsh study (Kim and Ingham, 2009), which showed
that Tgfbi is necessary for somite differentiation by regulating
microﬁbrillogenesis. From our data in gastrula stage embryos,
XTgfbi-depletion repressed myogenic regulatory factor expression
(MyoD), indicating that XTgfbi has a very early role in myogenesis.
This Xenopus-speciﬁc role might reﬂect early XTgfbi expression
and interaction with Wnt signaling in the early signalling centers.XTgfbi modulates canonical Wnt activity and is required for multiple
developmental processes
Several lines of evidence from our study demonstrated that XTgfbi
is required for development of multiple tissues by modulating
canonical Wnt signaling (Fig. 8A). Firstly, XTgfbi depletion inhibited
muscle speciﬁcation, differentiation, neural and neural crest differ-
entiation but promoted neuroectoderm speciﬁcation (Fig. 4), pheno-
types which are highly reminiscent of reported Wnt inhibition
experiments (Deardorff et al., 2001; Fuentealba et al., 2007; Heeg-
Truesdell and LaBonne, 2006; Hoppler et al., 1996; Marcus et al.,
1998). Secondly, we show direct evidence that XTgfbiwas required for
full canonical Wnt activity in Xenopus and mammalian cells. The
induction of the Spemann organizer is regulated by secreted ligand-
induced signaling pathways, which result in localized b-catenin
stabilization at the organizer, and expression of Wnt-responsive
genes that instruct dorsal tissue patterning and differentiation
(reviewed in De Robertis et al., 2000). XTgfbi-depletion resulted in
defects in blastopore formation and closure (Fig. 3C–F), and sup-
pressed the expression of organizer genes (Fig. 5A–D). The effects of
XTgfbi depletion on organizer formation was speciﬁcally due to its
regulation of the canonical Wnt pathway since XTgfbi knockdown
efﬁciently suppressed the exogenous activation of Wnt pathways in
the animal cap (Fig. 5F) but it did not affect either the exogenous
Nodal/Activin activity (Fig. 5G, H) nor the endogenous BMP pathway
(Fig. 5I). Moreover, Tgfbi depletion also reduced b-catenin/Tcf-tran-
scriptional activity in Xenopus (Fig. 5E), and in mammalian cells
(Fig. 6B). Interestingly, there appeared to be a positive feedback loop
between XTgfbi transcription and Wnt activity, as activation and
inhibition of Wnt signaling induced (Fig. 5J, K) and suppressed
(Fig. 6E) Tgfbi transcription respectively. However whether Tgfbi is a
direct target of Wnt signaling is not yet clear. The induction of XTgfbi
in response to Wnt activity might be important to establish a Wnt
signaling gradient, emanating from the neural tube (Kiecker and
Niehrs, 2001), where the Wnt ligands are expressed. This Wnt
signaling gradient from the neural tube regulates the development
of its lateral tissues (i.e. neural plate, primary neurons), which might
explain the role of XTgfbi in neurogenesis, where its transcript is
absent. Furthermore, periostin, another member of the fasciclin
family and structurally highly related to Tgfbi (Lindsley et al., 2005;
Thapa et al., 2007), was recently reported to regulateWnt activity in a
secondary target organ, facilitating metastatic colonization by cancer
stem cells (Malanchi et al., 2012).
Fig. 8. Proposed role of Tgfbi during Xenopus development. (A) XTgfbi is required
for multiple tissue development via modulation of canonical Wnt signalling.
(B) A proposed mechanism of Wnt signalling regulation by Tgfbi. The dashed line
represents the cell membrane.
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signaling modulation
Multiple extracellular, cytoplasmic, and nuclear regulators intri-
cately modulate Wnt signaling levels (MacDonald et al., 2009). We
found that Tgfbi depletion reduced b-catenin nuclear localization
(Fig. 7A) and GSK3b phosphorylation (Fig. 7B), but TGFBI depletion
in DLD-1 cells, in which APC is constitutively activated still inhibits
Wnt activity and we did not observe changes in components of
canonical Wnt signaling upstream of GSK3b after TGFBI depletion in
DLD-1 cells (Fig. 7C), excluding the possibility that TGFBI inhibits
Wnt activity only through interacting withWnt ligands or receptors.
Consistent with this, Wnt8 overexpression minimally rescued the
downregulation of Wnt activity mediated by XTgfbi depletion (data
not shown). Integrins, predominantly b1 and b3, are the only
reported receptors for TGFBI mediated intracellular effects in
epithelial cells (Ahmed et al., 2007; Irigoyen et al., 2010; Kim
et al., 2000). The integrin-linked kinase (ILK) is an ankyrin repeat
containing serine–threonine protein kinase that can interact directly
with the cytoplasmic domains of the b1 and b3 integrin subunits
and whose kinase activity is modulated by cell–extracellular matrix
interactions (Hannigan et al., 1996). It has been reported that ECM-
mediated ILK activity regulates b-catenin nuclear accumulation
through phosphorylation-mediated inactivation of GSK-3b during
chick somite development and in various human cell lines
(Delcommenne et al., 1998; Dwivedi et al., 2008; Nie and Sage,
2009; Oloumi et al., 2006; Rallis et al., 2010; Tan et al., 2001; Xie
et al., 2004). In addition, XTgfbi depletion in Xenopus caused defects
in blastopore closure, which phenocopies loss of Xenopus ILK during
gastrulation (Yasunaga et al., 2005). We found that CA-ILK over-
expression rescued the reduced GSK3b phosphorylation (Fig. 7D, E)
and Wnt inhibition in XTgfbi-depleted embryos (Fig. 7F) whereas
KD-ILK overexpression abolished GSK3b phosphorylation in wild
type DLD-1 cells (Fig. 7D), suggesting a model that Tgfbi mediated
ILK activity regulates Wnt signaling by phosphorylating GSK3b. We
propose a model that ILK signaling could bridge the signal from
Tgfbi, possibly through GSK3b (Fig. 8B).
Interestingly, periostin regulates Wnt by directly binding to Wnt
ligands but Tgfbi functions possibly through interacting with ILK,
suggesting multiple interactions among Wnts, fasciclin members,
and integrins in the extracellular matrix. Although our data indicates
that Tgfbi is required for full canonical Wnt activity, likely via the
ILK–GSK3b pathway, it is important to note that overexpression of
XTgfbi does not strongly activate Wnt activity in Xenopus (data not
shown) in comparison to overexpression of Wnt8, DN-GSK3b, or b-
catenin. We could observe weak activation phenotypes in body axis
examination (Fig. 3K) and myogenesis (Fig. 4C, D) but could not
observe ectopic Wnt activation by XTgfbi overexpression in the
Xenopus ventral marginal zone (data not shown). Similar to this,
overexpression of wild type-ILK or CA-ILK did not signiﬁcantly
increase Wnt activity in the TOPFLASH assay, although dominant
negative ILK inhibited canonical Wnt activity (data not shown). Also,we observed that TGFBI knockdown in Hela cells, which have very
low Wnt activity, inhibited Wnt3a induced canonical Wnt activity
but not in the absence of Wnt3a (Fig. S2). These data suggest that
Tgfbi may be an essential element of the cellular microenvironment
to maintain high intracellular canonical Wnt activity but is not
sufﬁcient to activate Wnt activity by itself. Previous studies have
also identiﬁed several Wnt-modulating matrix proteins, such as
Norrin (Xu et al., 2004), R-spondin (Wei et al., 2007) and Del1 (Takai
et al., 2010). It appears that the ﬁne-tuning of local Wnt respon-
siveness is orchestrated by an intricate network of positive and
negative Wnt-modulating matrices. Recently several studies have
shown the critical importance of endocytosis in regulating the
canonical Wnt signaling pathway (Bilic et al., 2007; Blitzer and
Nusse, 2006; Taelman et al., 2010; Yamamoto et al., 2006). Vps4, a
component for the disassembly of endosomal sorting complexes,
like Tgfbi, is required but not sufﬁcient to activate Wnt on its own
(Taelman et al., 2010). Overexpression of wild-type Vps4 failed to
activate canonical Wnt activity; but Vps4-EQ, a dominant negative
mutant, blocked both Wnt and CA-LRP6 induced Wnt activity
(Taelman et al., 2010). Our study shows that Tgfbi is likely to
regulate Wnt activity through the ILK–GSK3b pathway. Adhesion-
mediated signaling and ILK have been shown to control caveolae
trafﬁcking (Wickstrom et al., 2010), and importantly TGFBI has
previously been shown to stimulate endocytosis, and membrane
rufﬂing in immature dendritic cells (Cao et al., 2006). Therefore,
Tgfbi might regulate canonical Wnt signaling by controlling endo-
cytosis, and the lack of spontaneous Wnt activation from Tgfbi
overexpression might be a common feature of the endocytosis-
mediated regulation. The exact mechanism of Tgfbi in endocytosis-
mediated Wnt pathway regulation is the topic of further
investigation.Conclusion
In this study, we showed that XTgfbi is an essential protein for
multiple developmental processes during Xenopus embryogenesis
and regulates canonical Wnt pathway signaling. We demon-
strated that TGFBI enhanced b-catenin stabilization and nuclear
localization by promoting GSK3b phosphorylation, and this is
likely to be mediated via ILK. Our results have illuminated the
molecular role of XTgfbi during vertebrate development and Wnt
signaling and underscore the complex role of matricellular
proteins in regulating signalling processes.Acknowledgments
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